Abstract. Nanomaterials and nanocomposites with unique physical and chemical properties are increasingly being used by the construction industry to enable novel applications. Yet, we are confronted with the timely concern about their potential (unintended) impacts to the environment and human health. Here, we consider likely environmental release and exposure scenarios for nanomaterials that are often incorporated into building materials and/or used in various applications by the construction industry, such as carbon nanotubes, TiO 2 , and quantum dots. To provide a risk perspective, adverse biological and toxicological effects associated with these nanomaterials are also reviewed along with their mode of action. Aligned with ongoing multidisciplinary action on risk assessment of nanomaterials in the environment, this article concludes by discerning critical knowledge gaps and research needs to inform the responsible manufacturing, use and disposal of nanoparticles in construction materials.
Introduction
The nanotechnology revolution has enhanced a variety of products, services, and industries, including the construction sector. A comprehensive assessment of their effects on human and environmental health is essential for establishing regulations and guidelines that allow the numerous benefits of nanomaterials while providing adequate protection to ecosystems. Due to the dimensions controlled in the transitional zone between atom and molecule, the nanosized (1 to 100 nm) material gains novel properties compared to the corresponding bulk material. The unique properties achieved at the nanoscale enable the material to show highly-promoted performances in catalysis, conductivity, magnetism, mechanical strength, and/or optical sensitivity, enabling a wide applications including electronic devices, biomedical agents, catalysts, and sensors [8, 13, 78] .
Keeping pace with nanotechnology applications in diverse industries, engineered nanomaterials are being increasingly used by the architectural and construction industries [19, 58, 88] . The incorporation of nanomaterials in construction is expected to improve vital qualities of building materials (e.g., strength, durability, and lightness) [19, 47, 75] , offer new collateral functions (e.g., energy-saving, self-heating, and anti-fogging) [28, 39, 88] , and provide main components for maintenance instruments such as structural health sensors [70, 87] . In terms of the foregoing advantages of nanomaterials, nanotechnology in construction was selected as one of 10 targeted applications of nanotechnology able to resolve the developing world's biggest problems [2] . Nevertheless, many examples in modern history illustrate the unintended environmental impacts of initially promising technologies, including the deliberate release of "beneficial" chemicals, such as DDT, which was use to control malaria and other water-borne diseases but was later found to be carcinogenic to humans and toxic to several bird species [6, 80] . Thus, it is important to take a proactive approach to risk assessment and mitigate the potential impacts of nanoparticles in construction materials to ecosystem and human health. Table 1 summarizes some ongoing applications of nanomaterials in the construction industry, including high performance structural materials, multifunctional coatings and paintings, sensing/actuating devices. Representative applications are described briefly.
Applications of Nanomaterials in Construction
Concrete, having the largest annual production among other materials, undergoes drastic enhancement in mechanical properties by the addition of carbon nanotubes (CNTs) or nanosized SiO 2 (or Fe 2 O 3 ) to the concrete mixtures consisting of binding phase and aggregates [14, 19, 47, 75] . Addition of 1% CNTs (by weight) efficiently prevents crack propagation in concrete composites by functioning as nucleating agents [14, 19] , while silica and iron oxide nanoparticles (3 to 10% by weight) serve as filling agents to reinforce concrete [47, 48, 75] .
Steel, commonly used in building and bridge constructions, faces challenges related to strength, formability, and corrosion resistance, which may be successfully addressed by introduction of metal nanoparticles (NPs) [19] . Particularly, nanosized copper particles reduce the surface roughness of steel to impart higher weldability and anti-corrosion activity [19] .
Window glass can accomplish various additional functions by incorporation of TiO 2 and SiO 2 nanoparticles. TiO 2 coated on window photochemically generates reactive oxygen species (ROS) with sunlight or indoor light, effectively removing dirt and bacterial films attached on window [28, 64] . Light-excited superhydrophilic properties of TiO 2 make window glass anti-fogging and easily washable by decreasing contact angle between water droplet and the glass surface [28, 39] . On the other hand, nanosized silica layers sandwiched between two glass panels can make windows highly fireproofing [58] . [87] In addition to the building materials, nanomaterials are utilized for other construction-related products. TiO 2 coating on pavements, walls, and roofs plays a role as an anti-fouling agent to keep roads and buildings dirt-free with sunlight irradiation [28, 88] . Silver nanoparticles (nAg) embedded in paint add biocidal properties by exploiting the antimicrobial activity of nAg [41] . Silicon-based photovoltaic or dye-sensitized TiO 2 solar cells can be made flexible enough to be coated on surfaces such as roofs and windows (referred to as energy-coating), to enable production of electric energy under sunlight illumination [88] . Furthermore, fuel cells and solar cells, accomplishing partial non-utility generation inside of house, were recently reported to include CNTs, C 60 fullerenes and CdSe quantum dots for enhanced conversion efficiency [5, 20] . Alternatively, application of CNTs can improve adhesion of conventional cement, and the resultant material gains enhanced toughness and durability, as CNTs reinforce the mechanical strength of concrete [58] .
For real-time, in-place acquisition of data relevant to material/structural damage (e.g., cracking, strain, and stress) and environmental conditions (e.g., humidity, temperature, and smoke), nano-electromechanical and micro-electromechanical systems (NEMS and MEMS), composed of nano-and microsized sensors and actuators, have recently drawn much attention [70] . For example, smart aggregates, formed by placing waterproof piezoceramic patches with lead wires into small concrete blocks, are used for early-staged concrete strength monitoring, impact detection, and structural health checking [76] . Additionally, CNT/polycarbonate composites exhibit functionality as strain-sensing devices by generating momentary changes in the electric resistance in response to strain inputs [87] .
Environmental Release and Exposure Scenarios
As production and use of nanomaterials increase, so does the possibility of their release in the environment, which increases the potential for adverse effects on human and environmental health. Exposure assessment is a critical step towards characterizing risks and preventing and mitigating unintended impacts. Exposure prevention is a priority because, regardless of nanomaterial toxicity, the lack of exposure eliminates health risk. This is easier to accomplish through improved understanding of the fate, transport, and transformation of nanomaterials in the environment, which is needed to estimate the concentrations and forms to which ecological and human receptors will be exposed to. Furthermore, determining whether manufactured nanomaterials retain their nanoscale size, structure, and reactivity or are aggregated or associated with other media (e.g., sorption, acquisition or loss of coatings) is a critical step to assess nanomaterial bioavailability and impact to living organisms.
Engineered nanomaterials can enter the environment during their manufacture, transport, use, and disposal through intentional as well as unintentional releases ( Figure 1 ) and behave as emerging pollutants [37, 83] . Despite the growing awareness of potential releases of nanomaterials, efforts to identify and characterize dominant exposure routes have been quite preliminary. The lack of case studies and relevant data also make it difficult to quantify likely release scenarios. Nevertheless, several studies have evaluated the potential hazard posed by selected nanomaterials, by evaluating a limited number of toxicity end-points towards specific targeted biota [21, 49, 61, 89] . Some studies have also addressed environmental implications by considering nanomaterial fate, transport, transformation, bioavailability and bioaccumulation [10, 18, 32, 45] . Although these studies suggest that the engineered nanomaterials have the potential to impact the environment and human health [31, 60] , they fall short of providing a sufficient basis to establish regulatory guidelines for the safe production, use and disposal of construction nanomaterials. Accordingly, understanding release source dynamics, reactive transport and fate of construction nanomaterials represent critical knowledge gaps for risk assessment. Nonetheless, based on our understanding of construction waste management [35, 40, 65] and recent findings about the behavior of some nanomaterials (not necessarily associated with construction) [12, 37, 83] , some realistic exposure scenarios can be suggested. Manufacturing. Releases of nanomaterials to the environment can occur during the manufacture of building materials, in processes involving coating, compounding, and incorporation of nanomaterials. Occupational exposure to workers can occur through inhalation, which could cause respiratory health problems. Thus, it is advisable to use inhalation protection equipment such as air filters that protect workers against asbestos or ultrafine particles. As contamination originates from point-sources that are easily identifiable, exposure analysis, waste monitoring, and protective equipment installation (e.g., ventilator, air filter) at the workplace can be easily achieved. The challenges associated with this exposure route are that 1) nano-product suppliers are reluctant to disclose the manufacturing processes due to proprietary information and 2) most of them are small start-up companies that can hardly afford to be operated on the basis of the precautionary and very conservative assumption that all nanomaterials are toxic.
Demolition. It is highly probable that demolition, whether partial or complete, results in the environmental release of construction nanomaterials. The standard demolition procedures [40] recommend that trained specialists should dispose of hazardous materials (e.g., asbestos cement, lead-based paint, and some persistent residues) before undertaking extensive demolition. Relatively small-sized construction nano-products such as window, coatings/paintings, and sensor devices can be removed at this stage. Exposure to nanomaterials can be uncontrollable at later stages of demolition because of the use of explosives or heavy mechanical disruption (e.g., wrecking balls, bulldozer). In addition, the random crushing gets the residual debris mixed to make it difficult to separate nanomaterial-associated wastes afterwards. The wastes generated from the demolition are sorted and transported to landfills, which could be prevalent sources of the environmental release of nanomaterials.
Construction. The wastes containing nanomaterials are mainly generated during repair, renovation, and construction activities. In addition to potential worker exposure and unintentional release at the construction sites, landfill disposal and
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Worker Exposure dumping of construction wastes could be common ways of discharging nanomaterials to the environment.
Long-term Releases.
During the lifetime of buildings, damage, wear, and abrasion of infrastructures, whether artificial or natural, can cause nanomaterial releases to the environment. Accidents (e.g., fire) and disasters (e.g., heavy rainfall, flood, and storm) inflict damages on civil structure containing nano-products. For example, fire or incineration could release nanomaterials to the atmosphere, and rainfall can promote dissolution or leaching and drainage of nanomaterials into natural waterways and soils. Characterizing such releases on a long-term basis is very challenging because of current analytical limitations. Challenges include high detection limits that preclude quantifying nanomaterial releases at trace levels and low rates, and the lack of sufficient analytical specificity to discern the concentration and form of nanomaterials in complex environmental matrices. Thus often makes it difficult to delineate the region of influence of a nanomaterial release.
Toxicity of Nanomaterials
Nanomaterials embedded in building materials or used in other construction applications and products can cause cellular toxicity via multiple mechanisms ( Figure  1 ). The important mechanisms of cytotoxic nanomaterials include disruption of cell wall integrity (e.g., SWNTs), nucleic acid damage (e.g., MWNTs), generation of reactive oxygen species (ROS) that exert oxidative stress (e.g., TiO 2 ), release of toxic heavy metals or other components (e.g., QDs), and direct oxidation upon contact with cell constituents (e.g., nC 60 ). Toxicity studies and effects of various nanomaterials used in construction are summarized in Table 2 . These range from no damage to sub-lethal effects to mortality. Carbon nanotubes and TiO 2 nanoparticles are the nanomaterials that have been most studied for their potential toxic effects, and are discussed below. TiO 2 is a photoactive nanomaterial that causes inflammation, cytotoxicity, and DNA damage in mammalian cells either alone or in the presence of UVA radiation due to ROS production [22, 34, 62, 63, 66, 73, 86, 89] . TiO 2 morphology significantly affects its mobility inside a cell or through cell membranes, as well as the interactions with phagocytic cells that can trigger the signaling process for ROS generation [50] . The antimicrobial activity of nanoscale-TiO 2 towards Escherichia coli, Micrococcus luteus, Bacillus subtilis, and Aspergillus niger has been utilized in accelerated solar disinfection and in surface coatings [67, 68, 84] .
Carbon nanotubes can exert pulmonary toxicity in mammals [16, 30, 82] . CNTs exert antibacterial activity via direct physical interaction or oxidative stress causing cell wall damage [33, 59] .
While buckminsterfullerene (C 60 ) does not dissolve in water [24] , its agglomeration though transitional solvents or long term stirring imparts water stability, and consequently enhances potential exposure and toxicity [71, 77, 79] . Waterstable C 60 suspensions, referred to as nC 60 [18] , exhibit broad spectrum antibacterial activity [53, 54, 56] . The mechanism of nC 60 cytotoxicity in eukaryotic systems was initially attributed to oxidative stress resulting from the ROS production [29, 61, 72] . However, recent studies have shown that nC 60 does not produce detectable levels of ROS [26, 44] , and that the antibacterial activity is mediated via direct oxidation of the cell [17, 55] . However, nC 60 toxicity can be significantly mitigated by dissolved natural organic matters that coat the particle and reduce their availability [46] .
Quantum dots are fluorescent nanoparticles that contain heavy metals such as cadmium, lead, and zinc in their core/shell structures, and are functionalized with organic coatings to enhance their stability [85] . Release of core metals is the primary mechanism of toxicity of QDs towards bacteria [38, 57] as well as towards mammalian cells [7, 15, 23, 36, 52, 74] . While surface coatings reduce core degradation and heavy metal releases, some surface coatings themselves have been shown to be toxic to mammalian cells [25, 43, 69] . In addition to toxicity caused due to dissolved components, QD particles are internalized or membrane-associated in eukaryotic cells, where they could cause oxidative stress, nucleic acid damage, and cytotoxicity [9, 49, 51] .
Copper or copper oxide nanoparticles exert strong oxidative stress and DNA damage in human, mice, algae, and bacterial cells [4, 11, 34, 45] . [38, 57] Human cells
Toxicity from metal release, particle uptake, oxidative damage to DNA [9, 25, 69, 74] Mice Accumulation of metals in kidneys [49, 81] Rat Cytotoxic due to oxidative damage to multiple organelles [15, 51] nCu or nCuO Mice Acute toxicity to liver, kidney, and spleen [4, 11] TiO 2 Bacteria, algae, microcrustaceans, fish Acute lethality, growth inhibition, suppression of photosynthetic activity, oxidative damage due to ROS. [4, 50, 53, 67, 84] Ultra-fine SiO 2 nanoparticles have been classified as human carcinogens [27] . Exposure to nano-sized SiO 2 causes alveolar cell toxicity and induces tumor necrosis genes in rats [3] . Silica nanoparticles at high concentrations in water (~ 5,000 mg/L) have also been reported to damage bacteria [1] . 
Critical Knowledge Gaps and Research Needs
Nanomaterials are expected to become a common feature in some building materials due to their novel and remarkable properties. However, concern about their unintended impacts to human and environmental health is motivating research not only on risk assessment, but also on their safe manufacturing and eco-responsible use and disposal.
Research on the toxicity mechanisms of nanomaterials may unveil information that enables the design of environmentally benign nanocomposites. Nano-scale (ultrafine) particles can cause respiratory damages as well as skin inflammation, but their mode of action is not fully understood. In particular it is poorly understood how particle size distribution, chemical composition, shape, surface chemistry and impurities influence uptake, reactivity, bioavailability and toxicity. Thus, developing a mechanistic understanding of structure-reactivity relationships and their connection to immunology and toxicity is a priority research area. Such research should consider not only acute toxicity and mortality, which has been historically the focus of nanotoxicology, but also address sublethal chronic exposure and impact on the behavior of organisms. The potential for bioaccumulation and trophic transfer, leading to biomagnification, is another important but unchartered area of research.
Most toxicity studies have investigated the dose-response characteristics of a few representative nanomaterials on single species under laboratory conditions. The effects of nanomaterial mixtures, organismal differences, and environmental factors such as pH, salinity, and natural organic matter (which may coat or absorb nanomaterials) are yet to be comprehensively evaluated. This is particularly important because nanomaterials in the environment are likely to undergo significant transformation (e.g., coagulation, aggregation, sorption, loss or acquisition of coatings, biotransformation, etc.) which could exacerbate or mitigate their potential impacts.
Current analytical capabilities are insufficient to quantify and discern the form of nanomaterials in complex matrices at environmentally relevant low concentrations. Thus, analytical techniques and advances in nanoparticle metrology are needed to track nanomaterials and learn about their transport, transformation, behavior and fate in different environmental compartments (e.g., atmospheric, terrestrial and aquatic environment). Improved metrology should enable monitoring of short-term workers exposure during manufacturing, construction and demolition processes, as well as long-term monitoring of nanomaterial releases from construction materials (e.g., nanomaterial dissolution and leaching as the construction materials experience aging, abrasion, corrosion and weathering elements). Quantifying such sources is important to understand their region of influence and develop effective strategies intercept predominant exposure pathways. Improved analytical techniques are also needed to calibrate and validate mathematical fateand-transport models to predict exposure scenarios and enhance risk management.
Safe disposal of nanomaterial-containing construction wastes will also need to consider the potential for leaching and subsequent transport through landfill clay liners and underlying soil. This information is needed to discern the need for additional barriers to ensure nanomaterial containment and minimize the potential for groundwater pollution. Finally, a life-cycle perspective is likely to motivate research on pollution prevention and identify opportunities to remanufacture, reuse and recycle these nanomaterials. Overall, further research will likely enhance the development of appropriate guidelines and regulations to mitigate potential environmental impacts and enhance the sustainability of the construction industry.
